ABSTRACT: Reductive catalytic fractionation (RCF) is an effective active-stabilization strategy to selectively extract and depolymerize lignin into aromatic monomers. Here, the kinetics of RCF were investigated by using flow-through reactors to decouple the two limiting mechanistic steps, namely lignin solvolysis and reduction. When operating in a solvolysis-limited regime, apparent energy barriers of 63 ± 1 and 64 ± 2 kJ mol −1 were measured for the solvent mediated lignin extraction of poplar using particle diameters of 0.5 < d < 1 mm and 0.075 < d < 0.25 mm, respectively. In contrast, when using mechanically stirred batch reactors, apparent barriers of 32 ± 1 and 39 ± 3 kJ mol −1 were measured for particle diameters of 0.5 < d < 1 mm and 0.075 < d < 0.25 mm, respectively. The difference of activation barriers between flow and batch reactors indicated that lignin extraction under typical RCF conditions in a 100 mL batch reactor stirred at 700 rpm was mass-transfer limited. In the reduction-limited regime, cleavage of the β-O-4 bond in a model compound exhibited an apparent activation barrier of 168 ± 14 kJ mol −1 . This study demonstrates RCF occurs by two limiting processes that can be independently controlled. Furthermore, both controlling which process limits RCF and verifying if transport limitations exist, are critical steps to develop a mechanistic understanding of RCF and to design improved catalysts.
■ INTRODUCTION
Lignin, an oxygen rich aromatic polymer that accounts for 15− 30% of biomass, is a sustainable and renewable source of aromatic carbon. Many pretreatment techniques have been developed over the past decades to remove lignin from biomass. Thermochemical pretreatments have proven effective at removing or redistributing lignin but result in the conversion of C−O ether bonds in the lignin structure into a network of C−C bonds.
1, 2 The formation of this recalcitrant network makes the selective conversion of lignin into aromatic chemicals difficult, ultimately leading to lignin incineration as a low-grade fuel. 3 Consequently, extraction techniques that facilitate the selective conversion of lignin into valuable chemicals and high grade fuels could add significant value to the biorefining process. 4−7 Recently, a variety of active stabilization methods have been developed to simultaneously extract and depolymerize lignin into a narrow slate of aromatic monomers and small oligomers while preserving the carbohydrate fraction for downstream processing. 8−10 One particularly promising technique is reductive catalytic fractionation (RCF), which uses a reduction catalyst to quench reactive intermediates produced from lignin solvolysis 11−19 and prevent undesirable C−C coupling reactions. This method generates a narrow slate of oxygenated arenes from lignin, while mostly preserving both the hemicellulose and cellulose fractions of biomass as a solid residue. 20 RCF is typically performed in batch reactors where untreated biomass particles are mixed with a redox-active catalyst, such as supported Pd, 21 Ru, 22 or Ni, in a polar protic solvent containing a hydrogen donor such as hydrogen gas (pressures ranging from 30 to 60 bar) or isopropyl alcohol, 15 and in some cases a cocatalyst, such as a Brønsted 12, 19, 23 or Lewis acid, 24−26 at temperatures ranging from 180 to 250°C. 27 RCF is hypothesized to occur by two independent consecutive steps, namely lignin solvolysis followed by reduction (illustrated in Figure 1 ). 14,23,28−30 Lignin solvolysis is the solvent-facilitated extraction of lignin from the plant cell walls that generates a mixture of soluble oxoaromatic fragments. These fragments then migrate to the surface of the redox-active catalyst to undergo reduction. Specifically, the aryl ether bonds (primarily β-O-4, with 4-O-5 and α-O-4 as minor components) are cleaved by hydrogenolysis, while reactive C−C double bonds are either partially or fully hydrogenated to create stable monomers and oligomers. The resulting stabilized mixture containing oxygenated aromatic monomers and oligomers is recovered as a lignin oil. Although many studies on RCF have been reported in the literature, key questions still remain unresolved, particularly with respect to our collective understanding of the operating regimes for each of its independent steps. This information is critical to gain fundamental insights into the dynamics of lignin detachment from biomass, the development of new and improved reduction catalysts, and the optimization and scale up of RCF into a viable biomass fractionation strategy.
The total lignin oil (i.e., monomers + oligomers) recovered after reaction, the relative number of monomers within the lignin oil, and the degree of side chain saturation (i.e., propyl vs propenyl) in the monomer population represent three important metrics that can be used to understand RCF. At the limit of full lignin extraction and conversion, the total amount of lignin oil produced will depend on the initial lignin content in the original biomass; the relative ratio of monomers to lignin oil will depend on the biomass type and the intrinsic amount of cleavable β-O-4, 4-O-5, and α-O-4 bonds; and the degree of side saturation will depend on the activity and stability of the catalyst. Indeed, tracking these three metrics as a function of time under different reaction conditions can enable identification and analysis of the limiting regimes for both lignin solvolysis and reduction.
As illustrated in Figure 1 , operating either at the limiting conditions for solvolysis (i.e., when lignin fragment detachment is slow relative to the time scale of the total number of turnovers for reductive bond cleavage at the catalyst surface) or at those for reduction (i.e., when lignin solvolysis is fast relative to the time scale of reductive bond cleavage of lignin fragments) enables interrogating and optimizing different aspects of the RCF process. For example, a solvolysis limiting condition is required to investigate the influence of a solvent additive (e.g., an acid) on lignin solubilization from the cell wall. Otherwise, if the system were operated in a reductionlimited regime, there would be no observable changes in monomer yields even if the additive were to accelerate solvolysis rates. Similarly, a reduction-limited regime is required to study catalyst activity and stability profiles by tracking monomer yields and degree of side-chain unsaturation. Otherwise, an identical monomer yield and degree of saturation would be obtained when operating in a solvolysis-limited regime since the fast reduction time scale would convert all of the lignin intermediates before any differences could be observed. Equally important is having the capability of identifying reaction conditions in which heat and mass transfer limitations may influence the apparent reaction kinetics in each regime. Unfortunately, based on their intrinsic operation, batch reactors are not suitable to easily identify, isolate, and study these limiting conditions. To this end, the concept of flowthrough reactors for RCF that are capable of physically separating and decoupling the solvolysis and reduction steps was recently demonstrated by Roman-Leshkov et. al. and Samec et. al. 31, 32 In the present work, flow-through reactors operated at different reaction conditions were used to isolate the lignin solvolysis and reduction steps and measure their intrinsic kinetic parameters. Lignin solvolysis was investigated using untreated poplar wood, while the reduction kinetics were studied with a model β-O-4 compound, 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol (hereafter denoted as POPV). 33 These data were compared to data obtained in traditional batch systems, revealing strong mass-transfer limited conditions for batch reactor systems operated at Figure 1 . Schematic illustrating the RCF limiting regimes of lignin solvolysis and reduction, which can be physically separated and isolated by manipulating the rates of the two independent steps in flow-through reactors. A solvolysis limited regime exists when solvolysis is slow compared to reduction (blue), while a reduction-limited regime exists when reduction is slow compared to solvolysis (red). Operating in each of these regimes allows performing focused studies about specific RCF process parameters. Green lines signify bonds broken in each step.
analogous temperature and pressures. Overall, we demonstrate that flow-through reactors provide important advantages to understand the mechanistic underpinnings of the RCF process.
■ EXPERIMENTAL SECTION
Catalyst Synthesis. Nickel on carbon (Ni/C) catalysts with different nickel loadings were synthesized by a wet impregnation method. A desired amount of nickel nitrate hexahydrate (Sigmaaldrich) was dissolved in deionized water and added to Darco carbon (Sigma-aldrich, 100 mesh) at a water to carbon ratio of 0.8 g/g to form 10 g of total catalyst. The mixture was allowed to equilibrate for 16 h and then dried at 120°C for 24 h. The catalyst was then reduced in a tube furnace. The catalyst was heated to 450°C over 1 h and then held for 2 h at 450°C under flowing nitrogen (100 mL min −1 ). The catalyst was used without further treatment in batch reactions. Catalysts used in flow reactions were made by creating a physical mixture of 50/50 w/w Ni/C and SiO 2 (Sigma-aldrich, 12 nm). The solid mixture was agitated for 24 h with a magnetic stir bar. The resulting physical mixture was pelletized to 100−200 mesh.
Compositional Analysis of Biomass. Compositional analysis of poplar was performed by the standard NREL Laboratory Analytical Procedure (LAP). 34, 35 First, high pressure and temperature extractions were performed on the biomass to remove extractives. The poplar (0.3 g) was then subjected to 72 wt % sulfuric acid (3 mL) for 1 h at 30°C to dissolve both cellulose and hemicellulose. The concentrated slurry was then diluted to 4 wt % with water. The slurry was heated in an autoclave at 121°C for 1 h. The slurry was filtered to yield an acid insoluble lignin rich fraction. The ash content was determined by oxidizing the acid insoluble lignin fraction at 575°C for 24 h in air. The remaining acid soluble lignin was determined by UV/vis spectroscopy (Thermo Scientific Nanodrop 8000 spectrophotometer), using absorbance measurements at 320 nm with an extinction coefficient of 2.5. The sugar content was determined by high performance liquid chromatography (HPLC, Agilent 1100 HPLC) using a refractive index detector (RI) at 85°C. A Shodex Sugar SP0810 column equipped with a guard column was used for analysis at 85°C with a flow rate of 0.6 mL min −1 of HPLC grade water as the mobile phase.
Model β-O-4 Compound Synthesis. The synthesis of the model β-O-4 was previously reported. 33 All chemicals and reagents were purchased from Sigma-aldrich and used as purchased. First, methyl 2-bromoacetate (10.22 g, 1.3 equiv) was coupled to guaiacol (6.25 g, 1 equiv) by refluxing in acetone (80 mL) and potassium carbonate (20.83 g, 3 equiv) for 3 h producing methyl-2-(2-methoxyphenoxy)-acetate. Acetone was removed under vacuum to produce an oil which was crystallized out of methanol (S, 7.54 g, 77% yield).
1 H NMR (CDCl 3 , 400 MHz) δ = 3.79 (s, 3H), 3.88 (s, 3H), 4.70 (s, 2H), 6.85− 6.99 ppm (m, 4H).
Methyl-2-(2-methoxyphenoxy)acetate was added to 3,4-dimethoxybenzaldehyde by an aldol condensation. Dry THF (30 mL) and 1 M LDA solution (40 mL) were cooled down to −78°C in a Schlenk flask under nitrogen gas. Methyl-2-(2-methoxyphenoxy)acetate (7.39 g, 1 equiv) dissolved in dry THF (40 mL) was added slowly through a septum. After stirring the mixture for 15 min, a solution of the 3,4-dimethoxybenzaldehyde (6.34 g, 1.02 equiv) in dry THF (40 mL) was added dropwise. The mixture was stirred at −78°C for 2 h and at RT for 30 min. The reaction mixture was cooled down to −78°C again and a solution of NH 4 Cl in DI water was added slowly. The mixture was then extracted 4 times with 40 mL ethyl acetate each. Combined organics were washed with brine once, dried and removed under vacuum. Flash column chromatography (SiO 2 ; 58% hexanes, 42% acetone, R f ∼ 0.25) was done to give methyl 3-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy) propanoate (S, 3.68 g, 27% yield). A Schlenk flask was charged with methyl 3-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy) propanoate (3.48 g, 1 equiv) and purged with nitrogen. THF/water (3:1, 80 mL) mixture was added through a septum. Sodium borohydride (1.90 g, 5.2 equiv) was added in three portions over 1 h under nitrogen flow. The mixture was then stirred for 18 h. The solvents were removed under vacuum until ∼20 mL were left. DI water (100 mL) was added and the mixture was extracted with ethyl acetate (4 × 50 mL). Combined organics were dried over sodium sulfate and removed under vacuum. Flash column chromatography (SiO 2 ; 53% acetone, 47% hexanes, R f ∼ 0.25) was done to give 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)-propane-1,3-diol (oil, 2.60 g, 81% Biomass Reactivity Studies. Batch reactions were performed using a mechanically stirred batch reactor (Parr Instruments, 4560 series, 100 mL) equipped with an overhead stirrer. Poplar (26 wt % lignin, supplied by Idaho National Laboratory, Morrow, Oregon) used for batch experiments was milled and sieved to either 0.5 < d < 1 mm or 0.075 < d < 0.25 mm. Milled poplar (1 g), catalyst (0.15 or 0.20 g), and methanol (50 mL) were charged to the reactor. The reactor was pressurized to either 1.5 or 3 MPa with hydrogen gas and heated to 200°C over 0.5 h at 700 rpm. After the desired batch reaction time was reached, the reaction was quenched by rapid cooling in an ice bath. The reaction slurry was then filtered with a 0.2 μm filter. The methanol was then removed under vacuum and the resulting oil was dissolved in dichloromethane (DCM)/water (1:1 v/v, 20 mL). The extraction was performed to remove water-soluble sugars from the organic soluble lignin derived products. The water was extracted with additional dichloromethane (2 × 10 mL). The dichloromethane was removed under vacuum affording lignin oil. The lignin products were quantified from this oil.
Model compound flow reactions were performed in a gas−liquid phase, packed-bed reactor. The reactor was constructed of 0.25 in (OD) stainless steel tubing. The catalyst bed in each reactor was made from a physical mixture of 50/50 w/w 5% Ni/C and SiO 2 . The catalyst was pelletized to a mesh size of 100−200 mesh and mixed with SiC (120 mesh, Alfa Aesar) to form the catalyst bed. The bed was held in place by two glass wool plugs located above and below the bed. The rest of the reactor void volume was filled with 1 mm glass beads. The reaction temperature was measured directly below the catalyst bed with a K-type thermocouple (Omega). The tubular reactor was heated in a furnace (Applied Test Systems 3210) with an aluminum sleeve to enhance heat transfer and the temperature was controlled with a Digi sense temperature controller (TC9500). The liquid with reactant dissolved (2 or 4 mg mL −1 ) was delivered to the inlet of the reactor by an HPLC pump (waters 515). Hydrogen gas was mixed with the liquid upstream of the reactor and controlled with a mass flow controller (Brooks SLA5850S). The effluent of the reactor was sent to a high pressure, gas−liquid settler (Gage & Valve Co.) where the gas was vented through a back-pressure regulator (Swagelok 0−1000 psig KPB1L0A412P20000) to maintain the reaction pressure (60 bar), and the liquid was accumulated in the separator. Liquid samples were taken from the separator to quantify products produced from the reaction by GC-FID (Agilent, details below).
Flow-through RCF was performed in a flow-through dual bed reactor (FDBR) which was constructed by adding an additional upstream reactor to the reactor used for model compounds ( Figure  S1 ). The upstream attachment contained two stainless steel reactors (0.5 in OD) which were heated with heat tape (Briskheat TBIH051-040LD) and controlled with a Digi sense temperature controller (TC9500). The reactors were filled with 1 g of poplar wood held in place with two glass wool plugs above and below the bed. The rest of the void volume was filled with 1 mm glass beads. A K-type thermocouple (Omega) was placed directly below the bed for temperature control. The solvolysis reactors were setup in parallel such that the flow of solvent into the bed could be diverted from a spent biomass bed to a fresh biomass bed loaded in an adjacent reactor. The outlet of either biomass reactor fed directly to a 0.25 in (OD) reactor containing 0.3 g 15% Ni/C (50/50 SiO 2 , 100−200 mesh) packed in an identical fashion to the model compounds studies. Reaction samples were taken every 10 min from the gas liquid separator and analyzed by gas chromatography-flame ionization detector (GC-FID). Liquid oil yields were determined from binned samples which were extracted with DCM/water (3 × 10 mL).
Lignin Monomer Quantification. Samples were quantified using an Agilent 7890A GC. A 1 μL injection was used with a split ratio of 10:1 and a 30 m × 250 μm × 0.25 μm Agilent Technologies DB-1701 column. The inlet temperature was set to 280°C, and the oven was programmed to ramp from 50 to 280°C at a rate of 10°C min −1 for a total run time of 29 min. An FID was used to quantify the products. Samples were prepared with dimethoxybenzene as an external standard.
■ RESULTS AND DISCUSSION
Isolation of limiting RCF operating regimes by changing conditions in batch reactions. The solvolysisand reduction-limited regimes of RCF were first isolated using batch reactors by changing catalyst loading and hydrogen pressure. Although the rates of both processes can be controlled independently given that the catalyst is only required for the reduction step, it is difficult to measure the two rates separately because the products of lignin solvolysis (and thus reactants in lignin reduction) are oligomers of varying chemical composition. The identification and quantification of every oligomeric species present after reaction is a major analytical undertaking and was outside the scope of this study. As a proxy, the production rate of total lignin oil (i.e, monomers + oligomers)a measure of total lignin extractionwas used to track the extent of solvolysis, and the rate of monomer production from the extracted lignin oil was used to track the reduction step. Lignin solvolysis rates only depend on the solvent type and solvolysis temperature, resulting in identical solvolysis rates (as measured by total lignin oil recovered) when varying the catalyst loading and hydrogen pressures. However, for a given solvolysis rate, the catalyst loading and hydrogen pressure can alter the reduction rate, thus impacting monomer generation when the reactor operates in a regime below the maximum monomer yield (i.e., <100% conversion of oligomers to monomers via reduction). Figure 2 shows the two limiting regimes obtained in batch systems sampled at 1 h (thus representing a single time point in the conversion profile) and operated at 200°C using different catalyst loadings. The solvolysis-limited regime is depicted in the right side of Figure 2 using a total hydrogen pressure of 30 bar. Using a catalyst loading of 5 wt % Ni/C, a monomer yield of 17.3 wt % was obtained with a propenyl side chain hydrogenation selectivity of 66%. When the catalyst loading was increased to 10 wt % Ni, the monomer yield increased to 19.7 wt % with 89% hydrogenation selectivity. Increasing the catalyst loading to 15% produced 19.4 wt % monomers with 92% hydrogenation selectivity. A constant monomer yield invariant to catalyst loading indicated that the lignin monomer yield was limited by solvolysis; because lignin detachment was slow relative to the time scale of total turnovers of the catalyst. Conversely, batch reactions at 15 bar of hydrogen resulted in a monotonically increasing monomer yield from 11.0 to 19.5 wt % when the catalyst loading was increased from 5 to 15 wt % Ni/C. The degree of propenyl side chain hydrogenation selectivity also increased from 15% to 58% as the catalyst loading increased. Additionally, the total lignin oil yield was nearly constant for the three different batch reactions indicating that the solvolytic extraction of lignin was fast and not dependent on the catalyst loading. Taken together, the constant lignin oil with increasing monomer yields that were proportional to catalyst loading revealed conditions limited by reduction. The existence of these limiting regimes means that, by choosing the appropriate conditions, it is possible to decouple the RCF process and study the kinetics of each process independently.
Determination of Solvolysis Limited Activation Barriers in Flow-Through and Batch Reactors. Lignin solvolysis activation barriers were measured in the FDBR using the initial rates generated from both monomer and lignin oil yields. Under solvolysis-limiting conditions, when complete conversion of all lignin fragments is achieved in the reduction step, these two activation barriers should be identical. Therefore, this measurement serves as a useful method to verify solvolysis limiting conditions experimentally. The initial solvolysis rate based on monomer generation was found by fitting the cumulative monomer yields from products sampled every 10 min over a 1 h extraction period ( Figure S2 ). 31 The initial solvolysis rate based on lignin oil yields was determined from the total amount of lignin oil accumulated over the 1 h extraction times. Reactions were performed using 1 g of poplar (0.5 < d < 1 mm) and 0.3 g of 15% Ni/C (50/50 SiO 2 , 100− 200 mesh), operating at 60 bar of H 2 gas (50 mL min −1 H 2 STP) with a MeOH flow rate of 0.5 mL min −1 (the Reynolds number for these conditions is 0.3, implying laminar flow in the packed bed reactor, eq S1). 36 The catalyst bed was maintained at 190°C for each reaction to ensure operation in the solvolysis-limited regime, but the temperature of each biomass bed was varied in a range between 160 and 190°C ( Figure 3A) . Complete lignin reduction was confirmed by tracking the propyl chain hydrogenation selectivity of the monomers produced. Note that complete hydrogenation of the side chain groups was observed for all experiments performed under solvolysis-limited RCF conditions. Under these conditions, the apparent activation barriers for lignin solvolysis based on monomers and lignin oil were 63 ± 1 and 58 ± 3 kJ mol −1 , respectively. These experiments were repeated with smaller biomass particles (0.075 < d < 0.25 mm, Re = 0.08) resulting in an apparent barriers of 64 ± 2 kJ mol −1 for monomers and 53 ± 2 kJ mol −1 for lignin oil. The similar activation barriers observed with small and large particle sizes confirm that the solvolysis process is not mass transfer limited in the flowthrough reactor, and the similar activation barriers calculated based on monomer and oil yields confirm that the process was operated in the solvolysis limiting regime.
An analogous study performed in batch reactors using the same particle sizes (i.e., 0.5 < d < 1 and 0.075 < d < 0.25 mm) at temperatures ranging from 150 to 215°C and 1 h reaction times with a stirring rate of 700 rpm ( Figure 3B ) indicated that RCF performed in this reactor configuration is prone to mass transfer limitations. Specifically, batch experiments with the large and small poplar particle sizes generated apparent activation barriers of 32 ± 1 and 39 ± 3 kJ mol −1 , respectively. Apparent activation barriers based on total lignin extraction mirrored those based on monomer yields for both wood particle sizes. The low apparent activation barrier observed in the batch system using large particles coupled with the slight increase in the apparent activation barrier when smaller particles were used suggest that the rate of lignin solvolysis in the batch reactor was limited by mass transport.
Diffusion−Reaction Model to Determine Expected Scaling of Mass-Transfer Limitations. The observed scaling in the apparent activation barrier due to mass transfer limitations during the solvolytic extraction of lignin can be predicted by a coupled reaction-diffusion model. Lignin solvolysis requires the diffusion of MeOH into the plant cell wall, where it either liberates lignin polymers from a noncovalent matrix or cleaves lignin-hemicellulose linkages, releasing lignin oligomer fragments. 37, 38 Next, these lignin fragments need to diffuse through a tortuous path out of the cell wall and then the wood particle before being transported onto the surface of the redox catalyst. To examine how the differences in flow profiles and lignin fragment concentrations between the two reactor configurations impact the observed activation barriers, we built a one-dimensional reactiondiffusion model depicted in Figure S3 . The model defines solvolytic lignin extraction as an equilibrium-mediated reaction on the internal surface of a biomass pore. The concentration of solvent was assumed to be constant throughout the system. The solvent was therefore treated as a constant within the rate expression. By assuming concentration-driven diffusion of lignin fragments inside the pore and an external boundary layer created by convective mass transfer outside of the biomass particle, the lignin fragment concentration profile can be determined analytically.
A shell balance performed in the pore was used to relate the internal diffusion to the surface reaction as shown in eq 1. The Thiele modulus (ϕ), which arises from the nondimensionalization of the equation, is a measure of the ratio of the lignin solvolysis rate to the rate of internal transport. In turn, the Biot number (Bi) measures the proportion of external mass transfer relative to internal mass transfer. The boundary conditions were defined such that there was no diffusion through the walls of the pore and the flux through the external boundary layer must equal the flux of lignin out of the pore opening. The lignin fragment concentration profile can be obtained using eq 2 (see the Supporting Information for the full derivation). An effectiveness factor (η), which is a measure of the apparent observed reaction rate relative to the maximum reaction rate, is a dimensionless metric to understand how mass transfer impacts the observed rate of lignin solvolysis. The maximum reaction rate occurs when there is no mass transfer and the lignin fragment concentration is zero throughout the pore. The observed rate must be equal to the steady state flux of lignin out of the pore as calculated by the model (eq 3). Under severe internal mass transfer limitations, Bi is much larger than ϕ which simplifies η and reveals that the observed reaction rate scales as (k L ) 1/2 (eq 4). Therefore, when plotting the observed rate in an Arrhenius plot, it is evident that the apparent activation barrier must scale as half of the true kinetic barrier, in agreement with the barriers obtained experimentally when using the kinetically limited flow-through system and the transport-limited batch system. Indeed, when the particle size was reduced in the batch reactor, internal mass transfer was accelerated, leading to an increase in the apparent barrier to 39 kJ mol
. This effect is expected because the decrease in particle size brings the Bi number closer to ϕ, in which case the full expression for η must be considered. Ultimately, the differences in the reactor configurations and flow profiles manifest as different bulk lignin concentrations and boundary layer thicknesses. 
Model Compound Studies to Determine Reduction Limited Activation Barrier. Lignin reduction rates were measured with a model β-O-4 compound (POPV) containing both α and γ hydroxyl groups that are characteristic features of lignin. The reduction was performed by flowing POPV (dissolved in methanol) at a constant flow rate through a packed bed reactor containing 5% Ni/C catalyst. A constant hydrogen stream of 50 mL min −1 (STP) was bubbled in shortly before the entrance to the reactor. Four primary products were observed, namely, guaiacol, propyl veratrol, propenyl veratrol, and propanol veratrol, which have identical side chain functionalities to those produced from RCF of whole biomass ( Figure 4A ). Figure S4 −S5 depicts plausible hydrogenolysis, hydrogenation, and hydrodeoxygenation pathways to produce the observed product distribution. Initially, we surmise that the β-O-4 bond is cleaved producing guaiacol and propenol veratrol (not observed), which is then either deoxygenated to propenyl veratrol or hydrogenated to propanol veratrol. These compounds can undergo hydrogenation or hydrodeoxygenation reactions to form propyl veratrol. The differential conversion at 0.2 mL min −1 of a 2 mg mL −1 solution remained steady at 9% and increased to 17% conversion when the flow rate was decreased by 50% ( Figure 4A ). The corresponding product distribution and molar rate of formation of each observed product are displayed in Figure 4B . The molar rate of formation of guaiacol and the sum of the alkyl veratrol species (propyl, propenyl, and propanol veratrol) was nearly identical throughout the reaction, indicating that all major products were generated from the cleavage of the β-O-4 bond. Additionally, the molar rate of guaiacol production did not change significantly when the flow rate was decreased, indicating that the reaction was likely not mass transfer limited.
While the overall conversion remained nearly constant over the course of the study, two main factors influenced the product selectivity: catalyst hydrogenation activity and contact time with the catalyst bed. Catalyst deactivation led to a decrease in the propyl veratrol production rate from 0.17 to 0.15 h −1 at longer times, and a concomitant increase in the propenyl veratrol production rate from 0.06 to 0.11 h −1 . Loss in hydrogenation selectivity over time on a Ni/C catalyst has previously been observed with poplar in flow-through RCF. 31 This model compound study indicated that Ni/C is inherently unstable under RCF conditions. The dependence of selectivity on contact time can be observed in response to reducing the flow rate by 50%, wherein the propyl guaiacol rate increased to 0.18 h −1 due to greater hydrogenation and hydrodeoxygenation of propenyl veratrol and propanol veratrol, respectively. An apparent hydrogenolysis activation energy of 168 ± 14 kJ mol
was measured with a rate of guaiacol production at 150, 160, 170, and 190°C of 0.3, 1.1, 2.7, and 9.4 mol guaiacol mol Ni
, respectively ( Figure 4C ). Similar activation barriers of 149 and 151 kJ mol −1 were measured for the acid-catalyzed hydrolysis of POPV and a 4-propylguaiacol analog, respectively. 39 Additionally, the low temperature T < 120°C hydrogenolysis of other model β-O-4 compounds in water had reported activation barriers of 50 kJ mol −1 for Pd with a NaBH 4 reductant 40 and 86 kJ mol −1 for Ni with H 2 gas. 41 The lower barrier obtained in the presence of water may imply a difference in the hydrogenolysis mechanism.
■ DISCUSSION AND CONCLUSIONS
In this study we isolated the limiting regimes for lignin solvolysis and reduction in RCF of poplar. Using flow-through reactors, intrinsic kinetic parameters were measured for the first time for these two steps by manipulating temperature, catalyst loading, and total hydrogen pressure. Given that these steps are independent from each other, the step with the highest activation barrier may not be the limiting step in the overall process, which is the case for solvolysis limited RCF. Lignin reduction has a high activation energy (168 kJ mol ) when compared to solvolysis (64 kJ mol −1 ), but model compound reactions show a much higher monomer production rate than those performed with real biomass. Additionally, the low kinetic activation barrier of lignin solvolysis implies that β-O-4 ethers are not cleaved in this step. The lignin solvolysis rate, however, is limited by the structure of the plant and the nature of the solvent. Therefore, the reduction process does not limit the RCF of biomass under typical conditions reported in literature. Understanding which step is limiting is important when studying different catalysts for RCF, since lignin reduction must be kinetically limiting to accurately compare the activity of different catalysts.
Importantly, RCF studied in both flow-through and batch reactors revealed that under typical RCF conditions the two reactor designs produced different activation barriers for the solvolysis step of RCF. The apparent activation barrier measured in the batch system was half (32 kJ mol −1 ) of that measured in flow (64 kJ mol −1 ) implying mass transfer limitations in the batch reactor when operated at conditions typically reported in the literature. This result emphasizes two important differences regarding lignin extraction efficiency and solids mixing between the two reactor types. In flow-through reactors, fresh solvent continuously contacts the biomass bed during extraction, granting the maximum diffusive flux. In contrast, in batch systems the bulk lignin concentration increases as a function of time, progressively decreasing the diffusive flux. Additionally, the mixing within batch vessels is defined by many factors, including the stir rate, biomass particle size, agitator design, and reactor geometry, meaning that the flow properties and transport limitations need to be determined for each batch reactor independently. Conversely, mass transport in flow-through reactors depends solely on the solvent flow rate and the biomass particle size, parameters easily transferable to reactors of different sizes. Regardless of reactor design, our study clearly shows that when performing kinetic measurements on RCF systems, it is important to use the smallest biomass particle size available and consistently check the system for mass transport limitations.
Our results indicating that lignin solvolysis is typically limiting under traditional RCF conditions suggest that future studies for improving the overall RCF process need to focus on improving solvolysis kinetics. This could be accomplished by the use of different solvent pairs or cocatalysts. In this context, it is important to understand how the plant cell wall architecture (which varies both within intra and interspecies) can affect the lignin solvolysis rates, and our approach offers unique opportunities to interrogate different biomass types. In terms of the broader applicability of the kinetic parameters determined in this study, the kinetics of hydrogenolysis should be general for monomer production from biomass since β-O-4 linkages are the most prevalent bonds in lignin regardless of biomass type. The kinetics measured for lignin solvolysis, however, are unique to poplar and methanol because the sugarlignin linkages and compartmentalization of lignin can be different between different biomass substrates. Therefore, the kinetic parameters of lignin solvolysis must be determined for different substrates, solvents, and cocatalysts. The FDBR is an effective tool for measuring these parameters and will likely play an important role in determining lignin solvolysis rates and benchmarking new RCF systems. 
